The noncollinear cycloidal magnetic order breaks the inversion symmetry in CaMn 7 O 12 , generating one of the largest spin-orbit driven ferroelectric polarizations measured to date. In this Letter, the microscopic origin of the polarization, including its direction, charge density redistribution, magnetic exchange interactions, and its coupling to the spin helicity, is explored via first principles calculations. The Berry phase computed polarization exhibits almost pure electronic behavior, as the Mn displacements are negligible, ≈ 0.7 mÅ. The polarization magnitude and direction are both determined by the Mn spin current, where the p-d orbital mixing is driven by the inequivalent exchange interactions within the B -site Mn cycloidal spiral chains along each Cartesian direction.
have gained much attention due to the complex physics underlying the magnetoelectric effect and its potential applications in spin-driven electronics [1, 2] . Based on the nature of the order parameter coupling, multiferroics are classified into type-I and type-II [3] . Type-I consists of 6s 2 lone-pair proper ferroelectrics, as in BiFeO 3 [4] [5] [6] and improper ferroelectrics of electronic [7] and geometric origins [8] including hybrid improper ferroelectrics [9] , where ferroelectricity remains largely independent of magnetism. Type-II essentially refers to im-
proper magnetic ferroelectrics where spiral magnetic ordering breaks inversion symmetry, resulting in ionic and/or electronic displacements that provide macroscopic polarization.
Numerous examples include: (a) cycloidal spiral systems including orthorhombic RMnO 3
(R = Tb, Dy, Tm) [10] [11] [12] [13] [14] [15] , CoCr 2 O 4 [16] , and MnWO 4 [17] , (b) triangular-lattice systems with proper screw-type spiral [18] , such as RbFe(MoO 4 ) 2 [19] , CuFeO 2 [20] , and ACrO 2 (A = Cu, Ag, Li, Na) [20] [21] [22] , and (c) exchange-striction systems with collinear magnetism, such as Ca 3 (CoMn)O 6 [23] , orthorhombic RMnO 3 (R = Ho-Lu, Y) [24] , DyFeO 3 [25] , and Ni 3 V 2 O 8 [26] . Despite their relatively small ferroelectric polarization and low Curie temperature, type-II multiferroics are of tremendous technological relevance, potentially leading to the design of robust room-temperature multiferroics with large spontaneous polarization and ultrafast switchability. In order to achieve this, theoretical insight into spin-induced polarization mechanisms is necessary.
Three microscopic mechanisms have been proposed to explain the emergence of ferroelectricity P in spin-spiral multiferroics [27] [28] [29] . First, the exchange striction model proposes that the symmetric exchange interaction in a ↑ ↑ ↓ ↓ spin order causes ferromagnetically coupled ions to move toward each other, generating P 12 ∝ e 12 (S 1 · S 2 ) [29] . Here, P 12 is the local polarization induced by the interaction between the two neighboring spin sites 1 and 2, S 1 and S 2 are the vector spins on the respective sites, and e 12 is a unit vector connecting the two magnetic ions. Second, two analytically equivalent scenarios exist within the spin-current (KNB) model [30] , where P 12 ∝ e 12 × (S 1 × S 2 ) describes: (a) a nonmagnetic anion moving in response to the Dzyaloshinskii-Moriya (DM) interaction between the two canted spin sites (inverse-DM interaction) [24] ; (b) electronic charge distribution shifting in response to the spin-current, defined as j s = S 1 × S 2 [30] . Third, the spin-dependent p-d hybridization model arising from spin-orbit coupling (SOC) causes an intrasite polarization along the metal-ligand bond indicated by P ml ∝ (S m · e ml ) 2 e ml [20, 31, 32] , where e ml is the metal-ligand unit vector.
Recently, CaMn 7 O 12 manifested one of the largest magnetically-induced ferroelectric polarizations measured to date (P = 2870 µC/m 2 ) [33] . Microscopic mechanisms involving the three models discussed above [29] have been proposed: exchange striction and DM interaction [34] [35] [36] , inverse-DM interaction [37] , and spin-dependent p-d hybridization [35] .
However, a unified picture that explains the direction of the polarization, the charge density redistribution, and the role of ionic displacements is still needed.
Here, we report on the ferroelectric polarization of nearly pure electronic nature in CaMn 7 O 12 induced by its noncollinear cycloidal magnetic ground state, computed via density functional theory (DFT) calculations. For simplicity and clarity, we preserve inversion symmetry on the ionic lattice while the charge density distribution is permitted to respond to the symmetry-breaking spin pattern; these changes to orbital mixing make the dominant contribution to the polarization. Theoretically, we employ the generalized spin-current model [38] with Heisenberg-exchange DM-interaction energetics to explain both the direction of the electronic polarization and the dependence of its magnitude on spin helicity. We evaluate the commensurate, unmodulated, noncollinear magnetic ground state using the PBEsol [44] functional with Hubbard U and J (Coulomb repulsion and exchange parameter) treated separately and explicitly defined within the rotationally invariant scheme [45, 46] along with SOC as implemented in the Quantum Espresso [47] package. It has been demonstrated that the Hubbard J parameter plays a central role in correctly describing noncollinear magnetic systems [48] . All atoms are represented by norm-conserving, optimized [49] , designed nonlocal [50] pseudopotentials generated with the opium package [51], including the spin-orbit interaction [52] as well as nonlinear core-valence interaction in the Mn pseudopotential via the partial-core correction scheme [53] [54] [55] . The Brillouin zone is sampled using a 3 × 3 × 5 Monkhorst-Pack [56] k-point mesh.
The energetics and spin direction of collinear and noncollinear magnetic configurations are used to justify the values U = 2 eV and J = 1.4 eV used in our DFT calculations [See Section I, Supplemental Material]. These values are close to those used in previous studies [34] [35] [36] 41] . We use the experimental centrosymmetric unmodulated ionic lattice structure [57] . Starting from multiple perturbations of the experimental noncollinear magnetic structure [33] , our DFT+U +J +SOC spin and electronic relaxation shows that the [33] . The ionic displacement is negligible relative to thermal motion at T C = 90 K, and it contributes 30% of the total polarization. At α ≈ 0 • , the polarization vanishes, in agreement with the previous theoretical studies of this system [34, 35] . Upon inverting the spin helicity by changing the sign of α, the direction of the polarization reverses with the same magnitude. This is in agreement with the phenomenological ferrroaxial coupling proposed by Johnson et al. [33] The nonzero Berry phase polarization for α ≈ 30
• shows that the inversion symmetry is broken, even though the ionic lattice structure is fixed to be centrosymmetric. The material exhibits cycloidal spiral magnetism along B -site Mn2-Mn3 chains in each of the Cartesian We compute the charge density redistribution as the magnetic structure goes from α = 0 pure electronic in nature. However, previously proposed mechanisms have strongly relied on ionic displacements [35, 37] without isolating the electronic contribution.
The spin-current model has been regarded as inapplicable to CaMn 7 O 12 , as the mechanism requires the polarization to lie on the spin-rotation plane [P 12 ∝ e 12 × (S 1 × S 2 ), which lies on the ab-plane in CaMn 7 O 12 , not along the c-axis as observed]. However, Xiang et al. [38, 59] proposed a generalized spin-current model to analytically explain ferroelectricity induced by spiral magnetism. Polarization induced by a noncentrosymmetric spin dimer S 1 and S 2 is written as
where Cartesian coordinates are denoted by i, j, k, and l, ǫ ijl is the Levi-Civita symbol, and Γ ijk is a rank-three magnetoelectric coupling tensor with its elements indicating the intersite vector polarizations associated with S 1 and S 2 . For example, Γ ij is the vector polarization arising from the i -component of S 1 and the j -component of S 2 . Spin inversion requires that Γ ij = − Γ ji and consequently Γ ii = 0, thereby eliminating the diagonal terms in the tensor Γ ijk and reducing it to a 3 × 3 magnetoelectric coupling matrix written in the form:
leading to the following polarization expression [See Section V, Supplemental Material]:
It is important to emphasize the dependence of the polarization on the spin current (S 1 × S 2 ), rather than the dot product (S 1 · S 2 ) as in the exchange striction model [34, 36] We consider the local hexagonal structure from [ Fig 
This polarization as a function of sin(α) accounts for its dependence on Mn3 spin direction, P(α = 0 • ) = 0, and its coupling to the spin helicity, P(−α) = −P(α). From the above analysis, it is evident that the spin-current (S 1 × S 2 ) takes into account both the magnitude and the direction of the polarization in CaMn 7 O 12 . However, understanding the underlying physics requires further analysis of the intersite magnetic interactions:
The first term is the Heisenberg symmetric exchange energy (E SE ), and the second term is the DM antisymmetric exchange energy (E DM ). J 12 is the exchange coupling between magnetic sites 1 and 2, and the DM vector is defined as D 12 ∝ r 1 × r 2 , where r 1 and r 2 are vectors connecting each metal to the intersite ligand. Considering the same six spin dimer 
interactions, the total magnetic interaction energy becomes [See Section VI, Supplemental Material]:
Because we use the commensurate, unmodulated structure without orbital-ordering, It is well-known that DM interaction favors noncollinear magnetism in an otherwise collinear magnetic order, thereby inducing a weak local ferromagnetic behavior in an antiferromagnet [60] . The energetics analysis in Table II shows 
